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Background: Individuals with acute occult ankle and calcaneus fractures usually need to undergo additional 
magnetic resonance imaging (MRI) to confirm the diagnosis. In some cases, dual-energy computed 
tomography (DECT) is more convenient and efficient than MRI. This study aimed to assess the diagnostic 
accuracy of virtual non-calcium (VNCa) DECT in detecting acute occult ankle and calcaneus fractures.
Methods: From January 2022 to February 2024, adult patients presenting with ankle and calcaneal trauma 
but showing negative or inconclusive results on radiographs were enrolled in this prospective study. Ankle 
and calcaneus imaging was performed using DECT and MRI. Bone marrow edema (BME) was assessed 
by consolidating the MRI scan readings. Concurrently, the identification of fractures was conducted by 
consolidating the DECT and MRI scan readings. The computed tomography (CT) numbers corresponding 
to BME, fractures, and normal bone marrow in the VNCa images were compared. To determine the optimal 
cut-off CT number for ascertaining the presence or absence of BME and fractures, a receiver operating 
characteristic (ROC) curve analysis was conducted.
Results: The cohort comprised 180 participants (average age: 43±14 years; 92 male). In terms of BME 
detection, DECT had a sensitivity of 92% (96/104) and a specificity of 88% (67/76). In terms of fracture 
detection, DECT and MRI had a sensitivity of 95% (110/116) and 93% (108/116), respectively, and a 
specificity of 91% (58/64) and 92% (59/64), respectively. The optimal cut-off CT number for differentiating 
fractures from normal bone was 26.7 Hounsfield units (HU), which had a sensitivity of 97.3% (144/148) and 
a specificity of 100% (572/572).
Conclusions: Compared with MRI, VNCa imaging was found to be exceptionally accurate in diagnosing 
acute occult ankle and calcaneus fractures.
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Introduction

Ankle fractures are increasingly common injuries, and the 
incidence of ankle fractures is increasing year by year (1).  
The primary causes of ankle fractures include falls, sports-
related accidents, and traffic-related trauma (1,2). Without 
appropriate treatment, complications such as pain, 
osteoporosis, and traumatic osteoarthritis can develop (3,4). 
Therefore, the swift and accurate diagnosis of acute ankle 
or calcaneus fractures is crucial. However, certain fractures 
may go undetected in computed tomography (CT) images 
(5,6). Magnetic resonance imaging (MRI) has been shown 
to have distinct advantages in detecting bone marrow edema 
(BME) and occult fractures, including subtle trabecular 
fractures (7,8). However, despite its effectiveness, MRI is 
time consuming, costly, and potentially uncomfortable for 
fracture patients (9,10). In addition, the availability of MRI 
is limited in certain regions around the world, and MRI 
may not be covered by insurance. Further, patients with 
absolute or relative contraindications may not be able to 
safely undergo MRI scans.

Dual-energy CT (DECT) is a widely used clinical 
imaging technique (11) that can differentiate between 
materials (material decomposition). Virtual non-calcium 
(VNCa) imaging uses the principle of three substance 
separation to suppress high X-ray attenuation in trabecular 
bone. As a result, VNCa imaging can display subtle 
changes in the X-ray attenuation of bone marrow (12). 
Many previous studies have found no significant difference 
between VNCa imaging and MRI in detecting BME in 
various body parts, such as the spine, knee, ankle, foot, 
and scaphoid wrist (13-19). Extensive research has been 
conducted on the detection of occult fractures using 
MRI (20-22). However, few studies have explored the use 
of VNCa imaging for acute occult ankle and calcaneus 
fractures.

In this study, we posited that the diagnostic accuracy 
and confidence level for acute occult ankle and calcaneus 
fractures could be significantly enhanced through the use of 
color-coded VNCa images generated from third-generation 
dual-source DECT scans. The study aimed to prospectively 
compare DECT with MRI in adult participants afflicted 
with ankle or calcaneal trauma but exhibiting negative 
findings on radiographs. Specifically, this study aimed to: (I) 
assess the diagnostic accuracy of VNCa in visualizing BME, 
using the reading of MRI scans as the reference standard; 
and (II) compare the diagnostic accuracies of MRI and 
VNCa in the detection of fractures based on a combined 

reading of both MRI and DECT scans. We present 
this article in accordance with the STARD reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-24-2151/rc).

Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This study was 
approved by the Ethics Committee of Shandong University 
of Traditional Chinese Medicine Affiliated Hospital (No. 
2022096-KY). Before their inclusion in the study, all the 
participants provided their written informed consent.

Study participants

Patients from the Orthopedic Emergency Department, 
Microscopic Orthopedic Department,  and Sports 
Orthopedic Departments of Shandong University of 
Traditional Chinese Medicine Affiliated Hospital were 
consecutively enrolled in this prospective study from 
January 2022 to February 2024. Adult patients aged 18 years 
and above, presenting with ankle and calcaneal trauma, 
and negative or inconclusive findings on radiographs, but 
a clinical suspicion of fracture were considered eligible for 
inclusion in the study (23). Patients were excluded from the 
study if they met any of the following exclusion criteria: had 
prior trauma or surgeries that could confound the analytical 
process; had multiple injuries that could pose a threat to 
their lives, or required emergency treatment (e.g., liver 
and spleen rupture); had conditions such as tumors, severe 
osteoarthritis, or systemic immune diseases that could 
adversely affect bone marrow appearance and density; had 
incomplete MRI or DECT imaging, impeding comparative 
evaluation; and/or had MRI scans displaying BME or 
fractures in both the ankle and calcaneus, precluding a side-
by-side comparison of CT values on the VNCa images.

Definitions

In this study, on the VNCa images, BME was identified 
as  a  green area,  while  on the MRI images,  BME 
was characterized by a higher signal intensity on fat 
suppression-T2 weighted imaging (FS-T2WI) and a 
lower signal intensity on T1 weighted imaging (T1WI). 
A fracture was characterized by cortical incongruence in 
two planes on the VNCa images, or as a linear or irregular 
BME extending to the cortex on the MRI images. Occult 
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fractures of the ankle or calcaneus included cases with both 
BME and fractures occurring at the distal tibia and fibula 
(within 3 cm of the joint surface), talus, or calcaneus.

Image acquisition

All the patients underwent DECT and MRI scans within 
48 h of presenting with ankle or calcaneal trauma. The time 
difference between the two scanning modalities was kept 
below 12 h.

DECT protocol

The patients were placed in a supine position and scanned 
caudocranially by a dual-source DECT scanner (Somatom 
Force; Siemens Healthineers, Forchheim, Germany). 
The following protocol and parameters were used in the 
examination: low voltage tube 80 kV, 100 mAs, and high 
voltage tube Sn150 kV (Sn indicates the use of a 0.6 mm tin 
filter), and 150 mAs. An iterative reconstruction technique 
(ADMIRE, Siemens: strength level, 3) was employed, with 
a pitch of 0.7, a rotation time of 0.5 sec, and a volume 
CT dose index of 6.61 mGy. Transverse images were 
reconstructed with kernel Qr40 and Br59 (slice thickness: 
0.6 mm; increment: 0.5 mm).

MRI protocol

The MRI scans were performed using a Signa 3.0T 
Pioneer (GE Healthcare, Chicago, USA), equipped with 
an adaptive coil primarily used for knees and ankles. The 
imaging protocol included axial FS-T2WI fast spin-echo 
(FSE) sequences [repetition time (TR)/echo time (TE):  
4,005 ms/85 ms; echo train length: 16], sagittal FS-T2WI 
FSE sequence (TR/TE, 3,653 ms/85 ms; echo train 
length: 21), coronal FS-T2WI FSE sequence (TR/TE,  
4,936 ms/110 ms; echo train length: 21), and coronal T1WI 
FSE sequence (TR/TE, 830 ms/111 ms; echo train length, 
4). The thickness of all the MRI images was 3 mm.

Image postprocessing

The DECT images were processed on a commercial 
postprocessing workstat ion (syngo.via VB20-H3, 
Siemens Healthineers), where the VNCa series (Qr40) 
was calculated using the bone marrow application class 
[resolution: 4; minimum CT number: 100 Hounsfield units 

(HU); maximum CT number: 600 HU]. A color look-up 
table, part of syngo.via (bone marrow), was applied at a 
window width of 600 HU and a window level of 150 HU.  
Transverse, coronal, and sagittal VNCa images (slice 
thickness: 0.6 mm; increment: 0.5 mm) of the bilateral 
ankles and calcanei were calculated and saved in a color-
coded format. Additionally, reconstructions were saved from 
the Br59 sharp kernel, with a 0.6 mm slice thickness and  
0.5 mm increment in three planes.

Following reconstruction, the DECT and MRI images 
were transferred to a picture archiving and communication 
system (PACS) workstation (version 3.0.11.3; INFINITT 
PACS, Shanghai, China) for evaluation.

Image reading

The image assessment was performed on the PACS, with all 
the CT and MRI images assigned to the individual readers 
by a radiologist (F.Z., with 2 years of radiology experience) 
who did not participate in the image reading. Participant 
information remained undisclosed to all readers.

Four radiologists specializing in musculoskeletal 
radiology (i.e., D.D. with 20 years of experience; Yanyan 
Cheng with 15 years of experience; P.L. with 5 years of 
experience; and Xia Zhao with 10 years of experience) 
independently read the VNCa and MRI images. They 
scrutinized the distal ends of the tibia and fibula, talus, and 
calcaneus to determine the presence or absence of BME or 
fractures. Uncertain or ambiguous results were categorized 
as uncertain. Any discrepancy between the VNCa and MRI 
results was arbitrated by a consulting radiologist (J.W. 
with 30 years of experience in musculoskeletal radiology). 
Image quality, image noise, and diagnostic confidence were 
individually assessed using a 5-point Likert scale (ranging 
from 1–5; on which 1= unacceptable, and 5= excellent).

A sixth radiologist (H.L. with 30 years of experience in 
musculoskeletal imaging) performed a quantitative image 
analysis, measuring the CT numbers of BME and fractures 
on the axial color-coded VNCa images. The regions of 
interest (ROIs) were 0.3 cm² circles located in the center 
of the green area of the BME and the center of the yellow 
area of the suspected fracture on the VNCa images. The 
CT numbers of normal bone marrow at the contralateral 
symmetrical position were also measured and recorded.

The qualitative and quantitative data were analyzed by a 
statistician (Ning Cui with 20 years of experience in medical 
data statistics).
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Radiation dose

The CT dose index volume (CTDIvol) and the dose-length 
product (DLP) were recorded. The effective dose was 
calculated as described previously (24).

Statistical analysis

The statistical computations were conducted using 
specialized software; that is, PASS for Win (version 15.0.5), 
SPSS Statistics for Windows (version 26.0, IBM), and 
MedCalc for Windows (version 15.6, MedCalc). The 
sample size was determined a priori to ensure that the 
sensitivity and specificity of DECT for detecting edema fell 
within a 95% confidence interval (CI) of 25%. A previous 
study reported sensitivity and specificity rates of 92% 
and 97%, respectively (13). Moreover, institutional data 
suggested that 93% of the participants would likely present 
with BME. Using the PASS15 software for calculations, a 
sample size of 180 participants was deemed adequate for 
non-inferiority testing.

Qualitative analysis

The baseline for evaluating BME was established based on 
the reading of the MRI scans. Fractures were assessed by 
employing the reference standard created by the combined 
reading of the MRI and DECT scans. Sensitivity, specificity, 
accuracy, and 95% CIs were calculated for individual bones 
(the bone level) and for each participant (the participant 
level) for both the DECT and MRI images. A participant 
was considered positive for fracture if the reader classified 
one of the imaged bones as a fracture or BME. The 
diagnostic accuracy of BME was calculated for DECT only, 
while the diagnostic accuracy of fractures was calculated for 
both MRI and DECT. Using the McNemar test, a P value 
<0.05 indicated a statistically significant difference (25). The 
inter-reader agreement for the BME and fracture ratings 
was calculated using Fleiss’s κ. The Wilcoxon signed-rank 
test was employed for the subjective score data to compare 
diagnostic confidence, image quality, and image noise 
between the VNCa and MRI images. The inter-reader 
agreement was assessed by calculating weighted Fleiss’s κ.

Quantitative analysis

A single-factor analysis of variance was used to compare 

the CT numbers of BME, fractures, and normal marrow 
on the VNCa images. A P value <0.05 indicated a 
statistically significant difference (26). A receiver operating 
characteristic (ROC) curve analysis and the area under the 
curve (AUC) were used to quantitatively evaluate the bone 
level CT numbers derived from the VNCa images, and to 
determine the optimal cut-off CT number for the presence 
or absence of BME or fractures that produced the highest 
accuracy. Sensitivity and specificity were calculated based on 
the cut-off CT number values.

Results

Initially, 188 participants were enrolled in the study, 
but eight participants were subsequently excluded (two 
because they had previously undergone ankle surgery; two 
because they could not undergo the MRI examination 
due to claustrophobia; and four because they declined 
the DECT examination for personal reasons) (Figure 1). 
The participants had a mean age ± standard deviation 
of 43±14 years, and an age range of 21–63 years; 92 of 
the 180 participants (51%) were male. The median time 
from trauma to the first scan was 5 h (interquartile range, 
40 min–21 h). Almost half (49%; 88 of 180 participants) 
underwent MRI before DECT. The median time between 
the MRI and DECT scans was 2 h (interquartile range,  
10 min–16 h) (Table 1).

In total, the study included 180 participants and  
720 bones. Using the combined reading of the MRI scans, 
136 bones (in 104 participants) were identified as having 
BME. By employing both MRI and DECT scans, fractures 
were confirmed in 148 bones (in 116 participants). BME 
was primarily found in the talus bones (80 bones), followed 
by the lateral malleolus (16), the medial malleolus (24), and 
the calcaneus (16). Fractures were most common in the 
lateral malleolus (64 bones), followed by the talus (24), the 
medial malleolus (16), the posterior malleolus (24), and the 
calcaneus (20). As Figure 2 shows, the CT numbers of the 
affected (left) and healthy (right) sides differed significantly. 
BME and fractures failed to be observed on the X-ray 
radiograph. Traditional grayscale CT detected only  
80 fracture lines without obvious displacement (52 lateral 
malleolus, 8 medial malleolus, 12 posterior malleolus, and  
8 calcaneus). However, the VNCa, DECT, and MRI images 
clearly showed 180 BME and 164 fractures. Figures 3,4 
provide two examples of images of various modalities of 
occult fracture with peripheral BME.
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Ankle or calcaneus 
trauma refers to MR

(n=188 pt. 752 bones)

• Participants with ankle or calcaneus 
surgery history (n=2 pt.)
• Participants were interrupted 
because of claustrophobia (n=2 pt.)

Study population
(n=184 pt. 736 bones)

No DECT scans
(n=4 pt.)

Final study population
(n=180 pt. 720 bones)

Edema present in 136 bones
(n=104 pt.)

Edema absent in 584 bones
(n=76 pt.)

Fracture present in 148 bones
(n=116 pt.)

Fracture absent in 572 bones
(n=64 pt.)

Figure 1 Flowchart showing the selection of the study population. In total, 188 study participants with clinical suspicion of ankle or 
calcaneus fractures but negative findings on radiographs were referred for MRI and DECT for further evaluation. All 188 participants were 
included in the final study population and underwent MRI and DECT. MR, magnetic resonance; pt., participants; MRI, magnetic resonance 
imaging; DECT, dual-energy computed tomography.

Table 1 Demographics of the participant population in this study

Parameter Value

Number of participants 180

Age (years) 43±14

Males 92 [51]

Time between trauma and the first scan (h) 5 [2/3–21]

Time between MRI and DECT scans (h) 2 [1/6–16]

No. of ankles with MRI before DECT 88 [49]

No. of bones with BME per participant

1 80

2 16

3 8

No. of bones with occult fractures per participant

1 104

2 22

Data are presented as number, mean ± standard deviation, n 
[%], or median [interquartile range]. MRI, magnetic resonance 
imaging; DECT, dual-energy computed tomography; BME, bone 
marrow edema.

Figure 2 Bilateral calcaneal axial VNCa image. L: calcaneus 
fracture with a large BME area (calcaneal green or yellow-green 
area); R: calcaneus bone has normal bone marrow (purple area). 
1 and 2 represent two ROIs of the same size and shape. 1 was 
placed in the central area of the fracture on the affected side, while 
2 was placed in the symmetrical area on the healthy side. VNCa, 
virtual non-calcium; BME, bone marrow edema; ROIs, regions of 
interest; L, left; R, right.



Li et al. Diagnostic accuracy of DECT for ankle and calcaneus fractures2844

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(4):2839-2851 | https://dx.doi.org/10.21037/qims-24-2151

A B C

D E F

Figure 3 Images of a 64-year-old female with clinical suspicion of calcaneus fracture after trauma with negative findings on radiographs. X-ray 
radiography, MRI, and DECT scans were performed at 2, 6, and 7 h after the trauma, respectively. (A) No positive findings were observed 
on the X-ray radiograph (orange arrow). (B) Sagittal reformation of the DECT color-coded VNCa image of the left calcaneus showed a 
green area of BME and a yellow strip (white double arrows) of fracture. (C) Axial reformation of the DECT color-coded VNCa image of 
the left calcaneus showed a green area of BME and a yellow strip (red arrow) of fracture. (D) Conventional grayscale CT (Br59) showed 
the trabecular bone was slightly blurred (orange arrow), but no significant fracture line was observed. (E) Sagittal fat-suppression weighted 
imaging MRI scan of the left calcaneus showed significant BME and a clear fracture line (white double arrows). (F) Axial fat-suppression 
weighted imaging MRI scan of the left calcaneus showed significant BME and a clear fracture line (red arrow). MRI, magnetic resonance 
imaging; DECT, dual-energy computed tomography; VNCa, virtual non-calcium; BME, bone marrow edema; CT, computed tomography; 
Br, bone reconstruction algorithm.

Qualitative analysis

A qualitative image analysis was conducted to examine the 
diagnostic test accuracy of both modalities (Tables 2,3). At 
the bone level, BME detection had an accuracy of 97% (95% 
CI: 95–99%; 699 of 720 bones), a sensitivity of 88% (95% 
CI: 81–93%; 119 of 136 bones), and a specificity of 99% 
(95% CI: 98–100%; 580 of 584 bones). At the participant 
level, BME detection had an accuracy of 91% (95% CI: 
85–94%; 163 of 180 participants), a sensitivity of 92% (95% 
CI: 85–97%; 96 of 104 participants), and a specificity of 
88% (95% CI: 79–94%; 67 of 76 participants). Inter-reader 
consistency was exceptionally high, at 0.98, for both bone-
level and participant-level evaluations.

In detecting fractures at the bone level, DECT had an 
accuracy of 98% (95% CI: 94–100%; 704 of 720 bones), 

while MRI had an accuracy of 97% (95% CI: 95–99%; 699 
of 720 bones). At the bone level, DECT had a sensitivity 
of 95% (95% CI: 90–98%; 140 of 148 bones) and MRI had 
a sensitivity of 94% (95% CI: 89–97%; 139 of 148 bones).  
At the bone level, DECT had a specificity of 99% (95% 
CI: 97–99%; 564 of 572 bones), and MRI had a specificity 
of 98% (95% CI: 96–99%; 560 of 572 bones). The inter-
reader consistency was high for both MRI (κ=0.98) 
and DECT (κ=0.98). At the participant level, DECT 
had an accuracy of 93% (95% CI: 88–96%; 168 of 180 
participants), a sensitivity of 95% (95% CI: 89–98%; 110 
of 160 participants), and a specificity of 91% (95% CI: 
81–97%; 58 of 64 participants). At the participant level, 
MRI had an accuracy of 93% (95% CI: 88–96%; 167 of  
180 participants), a sensitivity of 93% (95% CI: 83–97%; 
108 of 116 participants), and a specificity of 92% (95% 
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Figure 4 Images of a 37-year-old female who twisted her right ankle while descending stairs. X-ray radiography, MRI, and DECT were 
performed at 5, 6, and 8 h after trauma, respectively. (A) No positive results were observed on the X-ray image (orange arrow). (B) The 
sagittal reconstructions of the DECT color-coded VNCa image of the left posterior ankle revealed patchy yellow areas of BME (white 
single arrow). (C) The axial reconstructions of the DECT color-coded VNCa image of the left posterior ankle revealed patchy yellow areas 
of BME (red arrow). (D) Conventional grayscale CT (Br59) showed small and blurry low-density fracture lines (orange arrow) that were 
difficult to distinguish from vascular grooves. (E) The fracture line (white thin arrow) and axial bone marrow edema (white thick arrow) of 
the right posterior ankle on the MRI fat suppression images in the sagittal and axial directions. (F) The fracture line (white thin arrow) and 
axial bone marrow edema (red arrow) of the right posterior ankle on the MRI fat suppression images in the sagittal and axial directions. 
MRI, magnetic resonance imaging; DECT, dual-energy computed tomography; VNCa, virtual non-calcium; BME, bone marrow edema; 
CT, computed tomography; Br, bone reconstruction algorithm.

CI: 83–97%; 59 of 64 participants). The inter-reader 
consistency remained high for both MRI (κ=0.96) and 
DECT (κ=0.97). The McNemar test revealed no significant 
differences between MRI and DECT for any readers in the 
detection of fractures at either the participant or bone level 
(P=0.06 to >0.99).

Diagnostic confidence was high for all readers in 
the assessment of BME and fractures in the MRI series 
(mean score: 4.75±0.35) and VNCa images (mean score: 
4.71±0.35), and no significant difference was found between 
the two modalities (P=0.13). The inter-reader agreement 
was moderate for the VNCa images (κ=0.75) and excellent 
for the MRI series (κ=0.81). There was no significant 
difference (P=0.08) between the reader ratings in terms of 

image noise in the MRI series (mean score 4.68±0.36) and 
VNCa images (mean score: 4.56±0.43). The inter-reader 
agreement was moderate for the VNCa images (κ=0.76) 
and excellent for the MRI series (κ=0.83). An assessment of 
image quality yielded mean scores of 4.79±0.33 (MRI series) 
and 4.74±0.32 (VNCa images), and no significant difference 
was found between the imaging modalities (P=0.38). The 
inter-reader agreement was moderate for the VNCa images 
(κ=0.73) and excellent for the MRI series (κ=0.85) (Figure 5).

Quantitative analysis

Significant differences were found in the CT numbers for 
BME, fractures, and normal bone marrow on the VNCa 
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Table 2 Diagnostic accuracy of DECT and MRI in determining BME in the ankle and calcaneus: bone level

Parameter BME for DECT Fractures for DECT Fractures for MRI
P value for determining 

fractures*

Average of readers 0.38

Accuracy 97 (699/720) [95–99] 98 (704/720) [94–100] 97 (699/720) [95–99]

Sensitivity 88 (119/136) [81–93] 95 (140/148) [90–98] 94 (139/148) [89–97]

Specificity 99 (580/584) [98–100] 99 (564/572) [97–99] 98 (560/572) [96–99]

Reader 1 0.69

Accuracy 95 (687/720) [89–98] 96 (692/720) [92–98] 95 (686/720) [89–98]

Sensitivity 82 (112/136) [75–88] 89 (132/148) [83–94] 88 (130/148) [82–93]

Specificity 98 (575/584) [97–99] 98 (560/572) [96–99] 97 (556/572) [96–98]

Reader 2 0.38

Accuracy 98 (706/720) [96–99] 99 (711/720) [98–100] 98 (706/720) [96–99]

Sensitivity 91 (124/136) [85–95] 98 (145/148) [94–100] 97 (144/148) [93–99]

Specificity 99 (582/584) [99–100] 99 (566/572) [98–100] 98 (562/572) [97–99]

Reader 3 0.69

Accuracy 97 (698/720) [95–99] 97 (696/720) [94–99] 96 (690/720) [92–98]

Sensitivity 87 (118/136) [80–92] 91 (135/148) [85–95] 90 (133/148) [84–94]

Specificity 99 (580/584) [98–100] 98 (561/572) [97–99] 97 (557/572) [96–99]

Reader 4 0.06

Accuracy 98 (705/720) [96–100] 98 (704/720) [94–100] 97 (699/720) [95–99]

Sensitivity 88 (119/136) [81–93] 95 (140/148) [90–98] 94 (139/148) [89–97]

Specificity 99 (580/584) [98–100] 99 (564/572) [97–99] 98 (560/572) [96–99]

The data represent the results of individual readers and the reader averages for DECT and MRI in determining BME or fractures in 
individual bones. The first numbers are percentages; the numbers in parentheses are numbers of bones (numerator over denominator); the 
numbers in brackets are 95% exact binomial confidence intervals. *, P values were obtained using the McNemar test to compare the rates 
of true cases for MRI and DECT in determining fractures. DECT, dual-energy computed tomography; MRI, magnetic resonance imaging; 
BME, bone marrow edema.

images (Figure 6). The optimal cut-off CT number for 
distinguishing between BME and normal bone marrow 
was 18.2 HU, with a sensitivity of 97.1% and a specificity 
of 81.8%. The overall AUC was 0.960 (95% CI: 0.92–
0.983, P<0.001). The optimal cut-off CT number for 
distinguishing between fractures and normal bone marrow 
was 26.7 HU, with a sensitivity of 97.3% and a specificity 
of 100%. The overall AUC was 0.984 (95% CI: 0.89–1.00, 
P<0.001) (Figure 7).

Radiation

The mean CTDIvol was 5.2 mGy. The mean DLP was  

89.6 mGycm. Using the factor κ=0.0004 as described 
previously (24), the mean effective dose was 0.035 mSv 
(range, 0.034–0.041 mSv, standard deviation =0.002 mSv).

Discussion

In recent years, the use of VNCa images in the diagnosis 
of musculoskeletal disorders has been increasing (27-31). 
Previous studies have suggested comparable diagnostic 
abilities between VNCa images and MRI images, particularly 
in identifying BME (13,14,18,19,32,33). However, few 
studies have examined acute occult fractures in the ankle and 
calcaneus. This study evaluated the effectiveness of MRI and 
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Table 3 Diagnostic accuracy of DECT and MRI in determining fractures in the ankle and calcaneus: participant level

Parameter BME for DECT Fractures for DECT Fractures for MRI
P value for determining 

fractures*

Average of readers 0.63

Accuracy 91 (163/180) [85–94] 93 (168/180) [88–96] 93 (167/180) [88–96]

Sensitivity 92 (96/104) [85–97] 95 (110/116) [89–98] 93 (108/116) [87–97]

Specificity 88 (67/76) [79–94] 91 (58/164) [81–97] 92 (59/64) [83–97]

Reader 1 0.13

Accuracy 87 (157/180) [81–92] 89 (161/180) [83–93] 88 (159/180) [83–93]

Sensitivity 88 (92/104) [81–94] 91 (106/116) [85–96] 89 (103/116) [82–94]

Specificity 86 (65/76) [76–93] 86 (55/64) [75–93] 88 (56/64) [77–94]

Reader 2 0.50

Accuracy 93 (167/180) [88–96] 96 (173/180) [92–98] 96 (173/180) [92–98]

Sensitivity 94 (98/104) [84–96] 97 (112/116) [91–99] 97 (112/116) [91–99]

Specificity 91 (69/76) [82–96] 95 (61/64) [87–99] 92 (59/64) [83–97]

Reader 3 0.29

Accuracy 88 (159/180) [82–92] 91 (163/180) [85–94] 87(157/180) [81–92]

Sensitivity 91 (95/104) [84–96] 92 (107/116) [86–96] 88 (102/116) [81–93]

Specificity 84 (64/76) [74–92] 88 (56/64) [77–94] 86 (55/64) [75–93]

Reader 4 >0.99

Accuracy 94 (169/180) [89–97] 97 (175/180) [94–99] 98 (176/180) [94–99]

Sensitivity 95 (99/104) [89–98] 97 (113/116) [93–100] 98 (114/116) [94–100]

Specificity 92 (70/76) [84–97] 97 (62/64) [89–100] 97 (62/64) [89–100]

The data are results of individual readers and reader averages for DECT and MRI in determining BME or fractures at each participant. The first 
numbers are percentages; the numbers in parentheses are the numbers of participants (numerator over denominator); the numbers in brackets 
are 95% exact binomial confidence intervals. *, P values were obtained using the McNemar test to compare the rates of true cases for MRI and 
DECT in determining fractures. MRI, magnetic resonance imaging; DECT, dual-energy computed tomography; BME, bone marrow edema.
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Figure 5 Box plots illustrating subjective image ratings in terms of diagnostic confidence, image quality, and image noise for MRI and color-
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diagrams represent subjective VNCa and MRI scores, respectively. The color-coded VNCa images and MRI series produced similar scores 
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show the upper and lower quartiles; the horizontal lines in the boxes indicate the median values; and the whiskers indicate the ranges. MR, 
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DECT in diagnosing acute traumatic BME and fractures 
in the ankle and calcaneus. Our findings highlighted the 
robust sensitivity, specificity, and accuracy of VNCa images 
in identifying bones with BME and fractures at both the 
bone and participant levels. The McNemar test revealed 
no significant discrepancies between the two modalities 
in terms of their efficacy in detecting ankle and calcaneus 
fractures both for individual readers and collectively 
(P=0.06 to >0.99). These insights could help radiologists to 

diagnose occult injuries in the ankle and calcaneus swiftly 
and accurately, thereby facilitating efficient treatment 
strategies (e.g., immobilization, external fixation, and clinical 
bone injury medication treatment) by orthopedists, and 
preventing greater trauma, osteoporosis, or osteoarthritis 
due to neglect.

Our research represents a marked improvement in 
the detection of both BME and fractures compared with 
previous studies (34,35). This improvement is primarily 
attributable to advancements in medical equipment. The first 
generation dual-source DECT imaging only had one kV  
selection of 80/140 kV. A 0.4-mm tin filter was added to the 
second generation dual-source CT, which raised the level of 
high-energy radiation by one level. In the third generation 
dual-source CT, two sets of X-ray tubes and detector 
systems are used to work synchronously, greatly improving 
the scanning speed. By separating and integrating two sets 
of data with different energies, higher quality images can 
be obtained (36). The sensitivity for BME detection was 
somewhat lower than that for fractures; however, this can 
be explained by the variability in bone marrow density 
across the tibial plafond, malleolus, and talar body or head 
in the ankle joint—a factor that contributes to false positives 
in BME evaluations (35). In contrast to Müller et al.’s  
findings (19), our study found that VNCa imaging showed 
superior sensitivity in detecting both BME and fractures at 
both the participant- and bone-specific levels. The variations 
in the anatomical locations, sizes, and shapes of the bones 
examined in the study might account for this discrepancy. 
Further, previous research has suggested that VNCa 
imaging may exhibit poorer sensitivity in identifying BME 
in smaller bones (31). Our study employed a maximum CT 
number of 600 HU and a threshold CT number of 100 HU,  
effectively reducing the occurrence of false positives.

In the quantitative analysis, we compared the CT 
numbers from affected regions with their symmetrical 
contralateral ROIs, distinguishing between the differences 
in the CT numbers for BME, fractures, and normal bone 
marrow. Our measurements slightly exceeded those reported 
by Koch et al. (18), which could be attributed to the shorter 
time interval between the traumatic event and the DECT 
scans. Fresh bleeding density, consequential to fractures, may 
explain the elevated density visible in the affected regions 
on VNCa images (37). Additionally, a large proportion of 
our study participants were younger, resulting in bones 
with higher hydroxyapatite and magnesium content, factors 
contributing to higher CT numbers (38,39). Moreover, our 
data showed considerable variability in the CT numbers 
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Figure 6 Box plot of the CT numbers for BME, fractures, and 
normal bone marrow. Normal bone marrow, BME, and fractures 
represent the CT numbers of the normal bone marrow, the 
affected side with BME, and the fractures on the VNCa images, 
respectively. The quantitative image analysis showed a significant 
difference in the CT numbers between BME and normal bone 
marrow (P<0.0001). The CT values of BME and fracture also 
differed significantly (P=0.0009). The boxes show the upper 
and lower quartiles; the horizontal lines in the boxes indicate 
median numbers; and the whiskers indicate ranges. The median 
CT numbers of BME, fracture, and normal bone marrow were 
33, 46.6, and −41.6 HU, respectively. The upper quartiles of 
BME, fracture, and normal bone marrow were 46.37, 57.8, and 
−32.5 HU, respectively, and the lower quartiles were 18.68, 34.8, 
and −58.9 HU, respectively. The maximum numbers of BME, 
fracture, and normal bone marrow were 72.3, 85.5, and −13 HU, 
respectively, and the corresponding minimum numbers were −16.3, 
13.8, and −96.3 HU, respectively. CT, computed tomography; 
BME, bone marrow edema; VNCa, virtual non-calcium; HU, 
Hounsfield unit.
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for BME and fractures, which could be due to the varying 
extents of trabecular bone fractures. These fractures may 
induce more bleeding, consequently elevating the VNCa 
image CT numbers (37,40).

This study had a number of limitations. First, fixing the 
size of the ROI might have influenced the recorded CT 
numbers in the ROI. We intend to address this issue in 
future studies by adjusting the ROI size according to the 
extent of the BME. Second, a negligible subset of both 
the MRI and DECT images displayed BME resulting 
from osteochondral injuries. Despite their inclusion, these 
images did not significantly affect our overall findings. 
Third, scanning both ankles and calcanei escalates 
participant radiation exposure, an aspect warranting 
further investigation. Further, the production of artifacts, 
particularly in smaller bones by VNCa imaging, remains 
an issue for future technological refinement. Finally, our 
findings, specifically the proposed CT number thresholds, 
may not apply to equipment from different manufacturers 
or diverse processing platforms.

Conclusions

In conclusion, VNCa imaging showed excellent sensitivity, 
specificity, and accuracy in detecting radiographically 
negative ankle and calcaneus fractures, and did not 
differ significantly from MRI. If MRI is unavailable, 
contraindicated, or in emergency cases, VNCa imaging may 

serve as a convenient alternative for examinations.
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